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Abstract—The eddy patterns in the harbour of Zeebrugge are 
studied using TELEMAC-3D and compared to available 
measurement data. It was found that during flood a clockwise 
eddy exists, generated by a strong jet near the eastern side of 
the harbour entrance. This eddy generates a second counter­
clockwise eddy, which persists in the harbour during the ebb 
phase, whereas the primary eddy disappears. A sensitivity 
study was performed to investigate the influence of the 
turbulence model, the bed roughness and the advection 
scheme. It appeared that the modelled eddy patterns are quite 
sensitive to the settings that are used for all these three 
parameters.
I. In t r o d u c t io n
The harbour of Zeebrugge is one of the most important 
Belgian seaports. The area surrounding Zeebrugge is 
characterised by strong tidal flows, with a tidal amplitude up 
to 5m during spring tide. In the harbour, complex eddy flow 
patterns are found, varying throughout the tidal cycle. 
Understanding these patterns is important for navigation 
purposes and for increasing our understanding of the siltation 
of the harbour, especially with respect to the redistribution of 
suspended sediment through the harbour.
In order to understand this process, the eddy pattern in 
the harbour is studied using TELEMAC-3D. The results of 
the TELEMAC model are compared with measurements, 
and a sensitivity test is performed with respect to the eddy 
formation by varying the bed roughness, the advection 
scheme and the horizontal turbulence model.
II. P h e n o m e n o l o g y  o f  t h e  e d d y  c u r r e n t s  in  t h e
HARBOUR OF ZEEBRUGGE
In order to study the phenomenology, an existing data set 
of ADCP (Acoustic Doppler Current Profiler) measurements 
was used [1], These measurements were taken on different 
locations in the harbour and the navigation channel on 
various days between November 2009 and March 2010. 
Because the data were taken on different occasions, we put 
together the data from various measurement days, sorting 
them with respect to the time after high water (from now on 
abbreviated as HW) and according to the spring-neap tidal 
cycle. In this paper, we will only study the data from spring 
tide conditions. In the analysis, we focus on what happens in
the period around the occurrence of high water, when the 
strongest eddies are formed.
The ADCP data show the following pattern (Fig. 1; note 
that additional arrows have been added to aid interpretation 
of the data):
• 2 h before HW : There is a net flux of water into the
harbour in the form of a jet at the eastern harbour 
dam. The jet increases in length and strength with 
time. This jet generates an eddy in clockwise 
direction, which we will call the primary eddy.
• 1 h before HW : A smaller secondary eddy with a
counter clockwise rotation is also generated by the 
jet.
• Around HW: From this moment, there is no net 
inflow of water in the harbour. Hence the eddy is 
decoupled from the flow at sea and it follows its own 
dynamics. It appears that the primary eddy starts 
decreasing in size and magnitude.
• 1 h after HW: Only the counter clockwise secondary
eddy remains present in the harbour. It moves slowly 
towards the harbour entrance and gradually becomes 
weaker.
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Figure 1. Overview of the eddy development in the harbour o f Zeebrugge 
from ADCP measurements.
Comparable eddy patterns are found in the measurements 
during average tide, whereas the formation of this pattern is 
much less pronounced during neap tide.
One must take care when interpreting the measured data, 
because the presented data was collected during different 
measurement days. There is always some error associated 
with the matching procedure, because the tidal amplitude 
and period are not completely the same for the different 
measurement days. Nevertheless, the discussed pattern 
seems to be representative for the conditions occurring in the 
harbour, since earlier data [2] show similar results for the 
observed eddy patterns.
III. M o d e l  s e t u p
The model was set up in a circular domain centred 
around the harbour of Zeebrugge, starting from Dunkirque 
(France) in the West to Goeree-Overflakkee (the 
Netherlands) in the East (Fig. 2). The Eastern and Western 
Scheldt estuaries are included in the model, although the 
most upstream part of the Western Scheldt was schematized 
using straight prismatic channels. The resolution varied from 
30 m inside the harbour to 5000 m close to the open 
boundary (Fig. 3). Vertically, ten non-equidistant sigma 
layers were used to represent the water column.
Boundary conditions for velocity and water level were 
obtained from the Zuno [3] model, which has a resolution 
comparable to our model at the location of these boundaries. 
These boundary condition were applied as a time series (with 
a time interval of 10 min) at each location on the open 
boundary. Additional discharge boundary conditions were 
applied to schematise fresh water influxes into the model. 
Note that one of the sources of fresh water was located inside 
the harbour.
The model was ran in TELEMAC-3D for a period of 
15 days using a time step of 20 seconds using the 
Smagorinsky scheme for the horizontal eddy viscosity and a 
mixing length model using the mixing length 
parameterization of Nezu and Nakagawa [4] for the vertical 
eddy viscosity.
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A comparison of measurement data and model results for 
the water level time series showed typical bias of 0.1 m, and 
a root mean squared error (nns) of 0.15 m. The depth 
averaged velocities have a bias of -0.04 m/s and a nns error 
of less than 0.13 m/s. A comparison of high water and low 
water levels shows typical nns enors of 0.13 m, while a 
comparison of the high and low water levels resulted in a 
typical nns enor of 10 min. These enors compare well with 
those of the Zuno model that was used for the open 
boundaries [3] and they were considered sufficiently 
accurate for our purposes.
Figure 2. Mesh and bathymetry o f the model
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Figure 3. Detail o f the mesh close to the harbour
The model was calibrated using water level and velocity 
data at sea. This leads to a Manning roughness coefficient of 
0.02 s/m13. Close to the harbour entrance, the friction 
coefficient was increased, in order to represent the effect of 
the friction due to the large concrete elements of the 
breakwater (Fig. 3).
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IV. RESULTS
The results of the model are shown in Fig. 5. The model 
reproduces the strong jet found in the measurements, 
although it occurs somewhat later in the tide (Fig. 5a). In the 
model, the jet seems to be even more pronounced than in the 
measurements. However, the jet is located somewhat more to 
the east in the model than in the measurements. The model 
also shows a strong primary eddy. Further, the jet also 
generates a secondary circulation which is weaker than the 
primary eddy (Fig. 5b).
Approximately one hour after high water both the 
primary and secondary eddy are present in the model results 
(Fig. 5c). With the course of time, the primary eddy 
elongates and decreases strongly in strength, while the 
decrease of the secondary eddy is less. As a result of this 
process, the primary eddy disappears completely, just as seen 
in the measurements (Fig. 5d). However, in the model a very 
weak tertiary eddy developed north of the primary eddy, 
with the same direction of rotation as the secondary eddy. 
This eddy could not be observed in the measurements. The 
reason for this is probably that it is to weak and small to be 
observed with the relatively limited spatial resolution 
provided by the ADCP measurements.
Time after HW -00:20
Figure 4. Manning roughness coefficient close to the harbour
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A. Bed roughness
In order to assess the sensitivity towards the bed 
roughness on the formation of the eddy patterns, we 
eliminated the increased bed rouglmess at the harbour 
entrance. Thus the simulation was done using a constant 
Manning rouglmess coefficient of 0.02 s/m13. The modelled 
eddy pattern changes dramatically in comparison with the 
base run (Fig. 6). At first, we see the same jet developing 
(Fig. 6a). However, it lias a slightly different location. This 
gives the primary eddy a slightly stronger circulation and the 
secondary circulation that develops is slightly weaker than in 
the base run (Fig. 6b). Consequently, the primary eddy does 
not disappear with time (Fig. 6c). Thus we end up with two 
eddies in the harbour during the ebb phase, rather than one 
(Fig. 6d), which does not correspond to the measurements.
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Figure 5. Development o f the modelled eddy pattem (base ran)
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Figure 6. Modelled eddy patterns, without increased bottom friction at the 
break waters.
B. Advection scheme
The previous simulations were done using the 
characteristic method as advection scheme for the advection 
of velocity. In order to test the sensitivity toward the used 
advection scheme, computational runs were performed using 
the two schemes that were especially suited to use in 
combination with the use of tidal flats: the “Leo Postma 
scheme” and the “N-scheme”.
Once again, the resulting eddy patterns change 
dramatically compared to the base ran (Fig. 7) Note that for 
brevity, only two time steps for the N-scheme are shown. 
The Leo Postma scheme gave qualitatively similar results). 
In fact, the eddy pattern that develops is rather similar to the 
simulation without bottom friction at the breakwaters 
(section V.A). We see both a primary eddy and a secondary 
eddy, with the primary eddy being slightly stronger than the 
secondary eddy.
Figure 7. Modelled eddy patterns using the "N-scheme"
C. Turbulence modeling/eddy viscosity
In order to test the sensitivity toward the used horizontal 
turbulence model a model with a constant horizontal eddy 
viscosity of 1.0 nr/s was used. This value is somewhat 
higher than those calculated using the Smagorinsky scheme 
used in the other runs, which were in this area in the order of 
IO'2 nr/s.
The use of a high eddy viscosity coefficient weakens the 
jet at the harbour entrance (Fig. 8a). The secondary eddy 
develops but is weaker than the primary eddy (Fig. 8b). 
Therefore, in this situation only the primary eddy remains in 
the harbour during the start of the ebb phase (Fig. 8c), and it 
is stronger than the secondary eddy. Nevertheless, the 
primary eddy disappears eventually, leading to a flow 
direction that corresponds to the measurements (Fig. 8d).
■
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Figure 8. Model results with a constant eddy viscosity of 1.0 n f/s
Note that simulations with a constant eddy viscosity of 
0.01 nr/s (thus comparable with those calculated using the 
Smagorinsky model) gave similar results for the eddies as 
the base run.
VI. Su m m a r y  a n d  c o n l u s io n s
A TELEMAC-3D model was developed in order to study 
the eddy patterns occurring in the harbour of Zeebrugge. It 
appears that a strong jet is formed some time before high 
water during the moment of strongest inflow. The jet 
generates a clockwise and a counter clockwise eddy, from 
which only the counter clockwise eddy remains visible 
during the ebb phase. A comparison between ADCP 
measurements and the model showed that this behaviour 
could be simulated using TELEMAC. A sensitivity analysis 
showed that the results are very sensitive to the bed friction 
close to the edges of the harbour. The used advection scheme 
and the calculation method for the horizontal eddy viscosity, 
and the variation of these parameters could lead to a different 
number of eddies present in the harbour.
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